Abstract: This paper proposes a wide-angle beam scanning leaky-wave antenna (LWA) fed by a novel spoof surface plasmon polaritons (SSPP) transmission line (TL). In the proposed LWA, circular metallic patches are periodically loaded on both sides of the SSPP TL alternately, and convert guided waves into radiating waves. The transmission characteristics of the proposed SSPP TL are analyzed, and the transmission characteristics and radiation patterns of the proposed LWA are simulated and measured. The simulated and measured results show that the proposed LWA provides approximately 12.5 dBi of radiation gain within a frequency range of 8-24 GHz, and a beam scanning range of 90 • from forward to backward continuously by increasing the feeding frequency. The proposed LWA, based on a novel SSPP TL, has advantages of single-layer conductor, continuous wide-angle beam scanning, and high gain especially at the broadside direction, which are difficult realize using conventional LWAs.
Introduction
Leaky-wave antennas (LWAs) have attracted significant attention in microwave engineering due to their advantages of simple feeding network, frequency beam scanning, high directivity and low cost [1] . Because a fast wave transmission line (TL) can feed a LWA to radiate, the initial design of LWAs are based on the waveguides supporting fast wave modes, such as slotted rectangular waveguides [2] and substrate integrated waveguides [3] . Many periodic structures operating on space harmonic waves are explored to feed LWAs, such as microstrip lines, groove waveguides and metamaterials structures [4] [5] [6] . With the rapid development of integrated circuits, planar antennas with single-layer conductors are explored. The spoof surface plasmon polaritons (SSPP) TL is a single-conductor line without ground plane. Since it confines the electromagnetic wave strongly around the interface between the metal and dielectric, the SSPP TL performs well in the integrated planar circuit system [7] .
Surface plasmon polaritons are surface electromagnetic waves distributed at the interface of a dielectric and a conductor, which could only be excited at visible frequencies. In 2004, Pendry and his colleagues proposed a new structure that could excite surface plasmon polariton waves at lower frequencies [8] . On the basis of Pendry's work, Garcia-Vidal proposed a scheme for realizing artificial surface plasmon with a one-dimensional periodic perforation structure [9] . The ultra-thin SSPP TL can be realized by processing the samples on flexible material films with PCB technology [10] . Early SSPP were mainly excited by probes or radiation sources, and the efficiency was not high [11] [12] [13] .
In Reference [14] , Ma used a coplanar waveguide to excite a periodically grooved metal strip with a high efficiency. Since then, varieties of TL structures based on SSPP have been proposed and widely used in designs of antennas and filters [7, [15] [16] [17] [18] [19] [20] . In Reference [16] , the SSPP TL was used as a feeding configuration for a dielectric resonator antenna. As they are high confinement and low profile, SSPP TLs are especially suitable for designing the leaky-wave antenna [20] [21] [22] . However, the high confinements also bring difficulties in converting the SPP mode wave into the space radiating mode. To radiate leaky waves into free space, an asymmetrical SSPP waveguide is periodically modulated to achieve a continuously beam scanning LWA [20] . Since patches are good radiators, a LWA using patch array fed by an SSPP waveguide was proposed [21] . However, the scanning angle and radiation gain is not as good as traditional LWAs. In Reference [22] a patch loaded SSPP LWA with an artificial magnetic conductor ground plane was introduced to improve performances, and it turned a single-layer conductor structure into a complex 3D structure, which lost the advantage of SSPP.
In this article, we propose a wide-angle beam scanning LWA fed by a novel SSPP TL which is grooved by rectangular slots in a metallic strip. Since the SSPP structure has first been presented to feed LWA, the characteristics of this TL are discussed. Due to the advantages of the proposed SSPP, the antenna is fabricated on a single layer conductor which is easy to be integrated and conformed. The proposed LWA loaded with circular patches scans in a wide-angle range of 90 degrees continuously from forward to backward within a frequency range of 8-24 GHz, and achieves a measured average radiation gain of 12.5 dBi with a high radiation efficiency.
SSPP Transmission Line Design
The proposed SSPP TL, shown in Figure 1 , is composed of a metal strip with periodic drilled square grooves and fabricated on a single layer FR4 substrate (with ε r = 4.3, tanσ = 0.025 and 0.5 mm thickness). In order to integrate such an SSPP TL with traditional microwave circuits, the matching transitions between the SSPP TL and co-planar waveguide (CPW) structures are adopted. Since the SSPP TL supports SPP mode and the CPW works on a quasi-TEM mode, a gradual transition part is designed into CPW to make smooth conversions, and the two side ground planes of CPW gradually flare to achieve a wave-vector matching. Rectangular grooves are also gradually smaller at two ports of the SSPP TL to created a better impedance matching. The CPW is designed of 50 Ω to connect the conventional Sub-miniature A (SMA) connectors. The width of the SSPP TL is a = 70 mm, in order to have a good matching, and the length of the SSPP TL is b = 404 mm which is related to the main beam width of the associated LWA. The width of grooves is g = 1.6 mm, the depth of grooves is ds = 2 mm, the length of a unit cell is p = 4 mm, and width of strip is ws = 4 mm. These parameters determine the shape of dispersion curve of the SSPP TL, and, in turn, determine the ranges of the scanning angles and frequencies.
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where
θ is a coefficient to move the beginning of the curve to the coordinate origin. The design can give the structure good matching properties in a wide frequency band by matching the momentum of the conventional CPW mode into a SSPP waveguide mode.
Although an SSPP TL does not have a ground plane, it can also bound electromagnetic waves, as we know. Figure 2 shows the dispersion characteristic of the proposed SSPP TL which is simulated with the Eigen-mode solver of CST Microwave Studio. The dispersion curve of the SSPP TL is always below the light's dispersion line in its working band because an SSPP wave is a slow-wave (v p−SSPP < v p−light ), and there is no radiation mode under the cutoff frequency. Figure 3 displays the simulated y-direction E-field distribution on the substrate at 10 GHz, and it appears binding TM waves on the surface metal strip. From Figure 3 we can also see smooth conversions between guided waves and SSPPs. In the CPW sections, conventional guided waves are supported. Along the matching transition sections, the guided waves are gradually transformed to SSPP waves. In the TL section, the E-field distribution behaviors like a surface plasmon polaritons, which means that SSPP waves are supported.
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where β0 is the fundamental mode phase constant. Equation (3) shows that the space harmonics are all slow waves for n ≥ 0, meanwhile, for n < 0, the space harmonics can be fast waves. In order to get the maximum radation efficiency and obtain a single radiated beam, the n = −1 space harmonic is usually chosen to convert the transmission wave to a radiation wave. In this mode, the LWA can scan the beam in either the forward direction or the backward direction. For n = −1, we have −1 = 0 − 2 < 0 , here k0 is the phase constant of the air line. The dispersion diagram of the proposed SSPP leaky-wave antenna is shown in Figure 7 . From the relationship between phase constants of antenna and air line, we can see it works in a fast wave region from 8 GHz to 24 GHz. The frequency of broadside radiation is at 12 GHz, forward radiation is above it and backward radiation is below it. According to the Floquet theory, numerous spatial harmonics are ignited in the antenna, and the phases constants are:
where β 0 is the fundamental mode phase constant. Equation (3) shows that the space harmonics are all slow waves for n ≥ 0, meanwhile, for n < 0, the space harmonics can be fast waves. In order to get the maximum radation efficiency and obtain a single radiated beam, the n = −1 space harmonic is usually chosen to convert the transmission wave to a radiation wave. In this mode, the LWA can scan the beam in either the forward direction or the backward direction. For n = −1, we have β −1 = β 0 − 2π d < k 0 , here k 0 is the phase constant of the air line. The dispersion diagram of the proposed SSPP leaky-wave antenna is shown in Figure 7 . From the relationship between phase constants of antenna and air line, we can see it works in a fast wave region from 8 GHz to 24 GHz. The frequency of broadside radiation is at 12 GHz, forward radiation is above it and backward radiation is below it.
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where β0 is the fundamental mode phase constant. Equation (3) shows that the space harmonics are all slow waves for n ≥ 0, meanwhile, for n < 0, the space harmonics can be fast waves. In order to get the maximum radation efficiency and obtain a single radiated beam, the n = −1 space harmonic is usually chosen to convert the transmission wave to a radiation wave. In this mode, the LWA can scan the beam in either the forward direction or the backward direction. For n = −1, we have −1 = 0 − 2 < 0 , here k0 is the phase constant of the air line. The dispersion diagram of the proposed SSPP leaky-wave antenna is shown in Figure 7 . From the relationship between phase constants of antenna and air line, we can see it works in a fast wave region from 8 GHz to 24 GHz. The frequency of broadside radiation is at 12 GHz, forward radiation is above it and backward radiation is below it. To investigate the coupling mechanism and the electromagnetic radiation, Figure 8 shows parts of the surface current distribution on both the SSPP LWA and SSPP TL at different frequencies. The simulations use a time domain solver in commercial software CST Microwave Studio. In order to achieve the maximum energy coupling, circle patches should be placed in the positions with the maximum current of the SSPP TL. However, the periods of maximum currents in phase on SSPP TLs are different at different frequencies, as shown in Figure 8b ,d,f. To achieve a wide-angle beam scanning, the broadside frequency 12 GHz is to be set first. Thus, the period distance between every two of the circle patches is chosen to be d = 20 mm, which is just the period distance between every maximum current in phase at 12 GHz as shown in Figure 8c . Figure 8a displays the surface currents of SSPP LWA at 8 GHz, which brings a backward beam scanning. Figure 8f displays the surface currents of SSPP LWA at 15 GHz, which brings a forward beam scanning. From Figure 8a ,c,e, we can see the surface currents couple between the TL and the patches to change smoothly, and the electromagnetic energy radiates to space in phase.
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To investigate the coupling mechanism and the electromagnetic radiation, Figure 8 shows parts of the surface current distribution on both the SSPP LWA and SSPP TL at different frequencies. The simulations use a time domain solver in commercial software CST Microwave Studio. In order to achieve the maximum energy coupling, circle patches should be placed in the positions with the maximum current of the SSPP TL. However, the periods of maximum currents in phase on SSPP TLs are different at different frequencies, as shown in Figure 8b ,d,f. To achieve a wide-angle beam scanning, the broadside frequency 12 GHz is to be set first. Thus, the period distance between every two of the circle patches is chosen to be d = 20 mm, which is just the period distance between every maximum current in phase at 12 GHz as shown in Figure 8c . Figure 8a displays the surface currents of SSPP LWA at 8 GHz, which brings a backward beam scanning. Figure 8f displays the surface currents of SSPP LWA at 15 GHz, which brings a forward beam scanning. From Figure 8a ,c,e, we can see the surface currents couple between the TL and the patches to change smoothly, and the electromagnetic energy radiates to space in phase. The discussion above indicates that the position of patches determines the properties of the antenna radiation. Therefore, the offset parameter delta of two sides of patches is also worth studying. Figure 9 shows the radiation patterns of the antenna under different parameters. When delta = 10 mm, the circular patches on both sides are placed alternately, and the radiation pattern has two beams owing to the no-ground SSPP TL, as shown in Figure 9a ,b. When delta = 0 mm, the circular patches on both sides are placed completely symmetrically, and the radiation pattern splits into four beams owing to the symmetry inconsistent with SSPP field distribution, as shown in Figure 9c ,d. Figure 9 also shows that the SSPP LWA scans backward at 8 GHz and on broadside at 12 GHz. Therefore, the simulated 3D far-field radiation patterns of the SSPP LWA are in accordance with the dispersion diagram shown in Figure 7 .
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Fabrication and Measurement
The proposed SSPP LWA was fabricated and measured to validate the design above. A photograph of the fabricated prototype is shown in Figure 10 , and the sizes are shown in Figure 6 . Figure 11 shows the simulated and measured reflection coefficients S11 and transmission coefficients S21 of the SSPP LWA. The reflection coefficients S11 are below −10 dB over all bandwidths. It is a little bit worse at 12 GHz because 12 GHz corresponds to the broadside direction which always creates the maximum reflection. The transmission coefficients S21 are below −22 dB over all bandwidths. Compared to a conventional LWA, the proposed SSPP LWA obtains a high radiation efficiency. The measured S21 responses do not agree well with the simulated ones at some frequencies. The difference 
The proposed SSPP LWA was fabricated and measured to validate the design above. A photograph of the fabricated prototype is shown in Figure 10 , and the sizes are shown in Figure 6 . Figure 11 shows the simulated and measured reflection coefficients S 11 and transmission coefficients S 21 of the SSPP LWA. The reflection coefficients S 11 are below −10 dB over all bandwidths. It is a little bit worse at 12 GHz because 12 GHz corresponds to the broadside direction which always creates the maximum reflection. The transmission coefficients S 21 are below −22 dB over all bandwidths. Compared to a conventional LWA, the proposed SSPP LWA obtains a high radiation efficiency. The measured S 21 responses do not agree well with the simulated ones at some frequencies. The difference comes from the loss of connector assembly and measurement error especially under −20 dB. However, since the S-parameters are shown in dB, the real difference is not very large under −20 dB.
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(a) Figure 13 illustrates the radiation gains of the SSPP LWA. It is apparent that the gains can reach an average level of 12.5 dBi. Although the FR4 substrate has a relatively large dielectric loss and conductor loss, the LWA fed by the SSPP TL can still achieve a high gain due to low loss of SSPP TLs. The measured gains are consistent with the simulated ones. Compared to conventional LWAs [25] , the radiation gain of the proposed SSPP LWA is relatively high and stable. 
Conclusions
In this article, we propose a LWA for wide-angle beam scanning. The LWA consists of a novel SSPP TL with periodical rectangular grooves on the metal strip and circular patches periodically loaded on both sides of the SSPP TL. Both the simulated and measured results show that the proposed LWA exhibits a wide scanning angle range from −45° to 45° as the frequency increases from 8 to 24 GHz. Benefiting from the low loss of SSPP TL structure, the proposed LWA achieves a high radiation average gain of 12.5 dBi. Figure 13 illustrates the radiation gains of the SSPP LWA. It is apparent that the gains can reach an average level of 12.5 dBi. Although the FR4 substrate has a relatively large dielectric loss and conductor loss, the LWA fed by the SSPP TL can still achieve a high gain due to low loss of SSPP TLs. The measured gains are consistent with the simulated ones. Compared to conventional LWAs [25] , the radiation gain of the proposed SSPP LWA is relatively high and stable. Figure 13 illustrates the radiation gains of the SSPP LWA. It is apparent that the gains can reach an average level of 12.5 dBi. Although the FR4 substrate has a relatively large dielectric loss and conductor loss, the LWA fed by the SSPP TL can still achieve a high gain due to low loss of SSPP TLs. The measured gains are consistent with the simulated ones. Compared to conventional LWAs [25] , the radiation gain of the proposed SSPP LWA is relatively high and stable. 
In this article, we propose a LWA for wide-angle beam scanning. The LWA consists of a novel SSPP TL with periodical rectangular grooves on the metal strip and circular patches periodically loaded on both sides of the SSPP TL. Both the simulated and measured results show that the proposed LWA exhibits a wide scanning angle range from −45° to 45° as the frequency increases from 8 to 24 GHz. Benefiting from the low loss of SSPP TL structure, the proposed LWA achieves a high radiation average gain of 12.5 dBi. 
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